Background: Most MRI studies in Alzheimer's disease (AD) have focused on cortical and hippocampal atrophy. This study, however, examines regional volumetric and shape abnormalities of subcortical and limbic structures in AD.
Introduction
The majority of MRI studies in Alzheimer's disease (AD) have focused on the roles of cortical and hippocampal atrophy in higher cognitive functions and memory processes, respectively. The basal nuclei and thalamus have received less attention. However, even in early stages of AD, histopathological studies have observed the involvement of subcortical deep gray matter (GM) structures such as amyloid depositions in the striatum [1] among presenilin-1 (PS1) mutation carriers [2] . These studies indicate that the striatum is prone to AD pathology. Studies have also reported changes in ventricular shape in the areas adjacent to the amygdala, thalamus, and caudate nucleus in subjects with AD, indicating the atrophy of these subcortical structures [3] . Besides alterations in the hippocampus and amygdala, these degenerative changes in deep GM structures, , may also occur during the disease process and may thus contribute to cognitive as well non-cognitive clinical presentation in AD.
Earlier imaging studies have identified several AD biomarkers such as hippocampal atrophy [4] , amygdalar atrophy [5] , medial temporal lobe atrophy [6, 7] , precuneus atrophy [8] , and global GM atrophy [9] . Direct measurement of the caudate nucleus in subjects with AD revealed diminished volumes, although proportionate to whole brain atrophy [10] . Atrophy of the thalamus has also been associated with cognitive decline in other neurodegenerative disorders such as multiple sclerosis, Huntington's disease and Lewy-Body dementia [11] [12] [13] . Although little is known about the specific role of subcortical and thalamic structures in cognitive processes, it is well recognized that the thalamus is essential for generating attention [14] and its anterior and medial nuclei are involved in declarative memory functioning [15] . Studies using magnetic resonance imaging (MRI) to comprehensively compare both volumes and shapes of subcortical structures in AD are limited [16] . The current study aims to assess whether the volumes of atrophic subcortical structures in subjects with AD are different, and to localize the surface morphometric changes of these subcortical structures. Differences in shape and volume of subcortical regions were evaluated using a validated and automated segmentation toolbox: the Integrated Registration and Segmentation Tool (FIRST) developed by the Oxford Centre for Functional MRI of the Brain (FMRIB) [17] .
Methods

Participants and ethics
Thirty-six subjects with probable AD, diagnosed according to criteria set by the National Institute of Neurological and Clinical Disorders/Stroke and Alzheimer's Disease and Related Disorders Association (NINCDS/ADRDA) [18] and attending the National Institute of Mental Health and Neurosciences (NIMHANS), were selected for this study, along with 36 healthy, age and gender-matched controls. Brain MRI data was obtained for each participant. All AD subjects had been on anticholinesterase inhibitor treatment for less than 2 months at the time of MRI. Exclusion criteria were: dementias other than AD, current or past history of coexisting neurological or psychiatric disorders, head injury, and alcohol abuse. Control subjects were matched for all exclusion criteria, and had no firstdegree relatives with a history suggestive of dementia. All subjects were right-handed. Subjects were initially evaluated in detail by the clinician (BSB), and findings confirmed by senior consultants (MV, SB, PTS). Written informed consent to participate in the study was provided by subjects or (or their caregivers, in the case of some AD patients). The study was approved by the institutional ethics committee.
Clinical assessments and ApoE4 genotyping
All subjects were cognitively evaluated using the Hindi Mental Status Examination (HMSE) [19] ; the Everyday Abilities Scale for India (EASI) [20] was used to assess daily living activities. Used as part of a larger, ongoing research program at NIMHANS, the Clinical Dementia Rating (CDR) Scale [21] was used to assess the severity of AD to inform patient recruitment [22] , and a venous blood sample was taken to determine ApoE genotype [22] . No DNA was extracted from the blood sample of one AD subject, thus ApoE status was present for 35 AD subjects.
Image acquisition
MRI data was acquired using the Phillips Achieva 3 Tesla MRI system at NIMHANS. Routine conventional T1-weighted (T1W), T2-weighted (T2W) and fluid attenuation inversion recovery (FLAIR) images were acquired, as well as the T1W magnetization prepared rapid gradient echo (MPRAGE) sequence covering the whole brain 
Image analysis of regions of interest in subcortical structures
Individual measures of hippocampus, amygdala, thalamus, caudate and putamen volumes were obtained using FIRST, an automatic subcortical segmentation program [17] . Boundary correction was used to classify boundary voxels. Regions of interest were visually inspected in the coronal plane to ensure accuracy. Brain tissue volumes such as GM, white matter (WM) and total brain volume (TBV) normalized for each subject's head size were estimated using Structural Image Evaluation, using Normalization, of Atrophy (SIENA) software (FMRIB Software Library, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/SIENA [23] ). Vertex-wise shape analysis was performed using FIRST with age, gender and TBV as covariates of no interest in the statistical design at p ≤ 0.05 (FDR corrected). Volumes of the hippocampus, amygdala, thalamus, caudate and putamen were calculated.
Statistical analysis
Statistical comparison of subcortical structure volume data was performed using R software (http://www.rproject.org/). The Chi-square test was used to compare discrete variables, and the independent sample t-test was used to compare continuous variables. The Bonferroni correction was used to compare the volumetric data of subcortical structures across multiple tests. For all ApoE-related analysis, 35 AD subjects were compared with the controls.
Results
Clinical scores and volumetric data are shown in Table 1 . ApoE genotyping data were available for 35 subjects with AD and all 36 control subjects. The distribution of ApoE genotypes among patients with AD is tabulated in Table 2 . Subjects with AD had significantly lower volumes of their bilateral hippocampus, amygdala, caudate and putamen (all p ≤ 0.01, Bonferroni corrected). Taken together (including AD subjects and controls), ApoE4 carriers had a reduction in volume of their bilateral hippocampus (p ≤ 0.05) and right amygdala (p ≤ 0.05) compared with non-carriers. However, after correcting for multiple testing, these differences did not emerge as statistically significant. These volumes did not differ between ApoE4 carriers and non-carriers within individual groups of AD subjects or controls. Volumetric comparison revealed that greater volumes were lost on the left side compared with the right side in all structures except for the amygdala, which showed the opposite pattern (R volume < L volume). However these trends were not statistically significant.
In vertex-wise shape analysis, subjects with AD had significant surface reduction of their bilateral hippocampus, amygdala, caudate and putamen ( Figure  1 ). However, upon introducing ApoE4 carrier status as a covariate of no interest in the statistical design, surface reduction was found in some regions of the right hippocampal head and certain regions in the bilateral putamen and right caudate. No shape-wise difference was observed in any of the subcortical structures between ApoE4 carrier and non-carriers.
For subjects with AD, no statistically significant correlation was found between the clinical HMSE score and vertex-wise surface analysis of any subcortical structures (p ≤ 0.05, FDR corrected and adjusted for age, gender and TBV). Similar correlation analysis of the combined sample (AD + controls) showed a significant negative correlation for the hippocampus, caudate and putamen regions, as shown in Figure 2 . This indicates that the more severe the cognitive decline, the greater the surface atrophy of these subcortical structures.
Discussion
In patients with AD, this study revealed lowered global GM volumes and reduced subcortical volumes of the hippocampus, caudate, putamen, and thalamus. Through shape analysis, this study was also able to localize the surface reductions in these structures, independently of age, gender and TBV. There were no differences in these subcortical structures between ApoE4 carriers and non-carriers, or in the whole group of subjects, irrespective of disease effect, or within individual AD and control groups. The observation that AD patients had smaller volumes of their hippocampus, amygdala and subcortical basal ganglia structures strongly suggests that degenerative pathology affects these subcortical structures.
Cortical involvement in terms of global gray and white matter atrophy with volume loss is the most common observation in AD [24, 25] . Most literature on AD has focused on cortical atrophy and changes in the hippocampus. However, most AD pathology studies have observed involvement of other subcortical regions as well as changes in cortical structures [1, 2, 6, 26] , and these are implicated in various neuropsychiatric and behavioral symptoms seen in AD. The present study validates these previous observations of histopathological atrophy of subcortical structures through MR imaging and shape analysis.
Another important finding of this study was atrophy of subcortical structures such as the hippocampus, caudate, putamen and thalamus. Hippocampal involvement is commonly reported in AD [27, 28] literature. The notion that hippocampal atrophy contributes to memory decline in the process of AD has been described more than once and is widely accepted [4, 29] ; our study validates these previous observations. In general, this study supports previous histopathological observations of atrophy, the deposition of neuroinflammatory markers, amyloid plaques, altered cortico-subcortical connectivity, and impaired functional abilities in the amygdala, caudate, putamen and thalamic regions [24] . The caudate, putamen and thalamus are known to participate in many different neuronal pathways, with functions not just restricted to motor behavior, but also to emotional, motivational, associative and cognitive abilities [30] . The current study supports the idea that atrophy of thalamic and basal nuclei may have an important role in AD pathobiology and, and demonstrated by the correlation found with HMSE test scores, also suggests the importance of these structures in cognitive decline in AD.
Amyloid deposits have been reported in the putamen during the early AD disease process [1] . Although, a little is known on the role of the putamen in cognition, recent literature shows that as a part of the striatum, the putamen is active in probabilistic learning [31, 32] and in working memory tasks [33] . Furthermore, the putamen has been correlated with the emergence of dementia in other neurodegenerative disorders such as Parkinson's disease, because of dopaminergic or other neurochemical deficits [34] . In addition, the presence of extrapyramidal symptoms during the later stages of AD indicates, the role of this structure. All these features indicate the probable role of the putamen in both cognitive impairment and impaired motor behavior in AD.
In contrast to the putamen, slightly more is known about the thalamus and its relationship with cognition. The thalamus consists of multiple nuclei and is classically metaphorized as an active relay center. The thalamus serves both sensory and motor mechanisms [30] . Cognitively, it is involved in directing attention and suppressing irrelevant sensory input [14] and its anterior, medial-dorsal, intralaminar and midline nuclei are important for memory functions [15] . Thalamic atrophy has been related to cognitive performance in other neurodegenerative disorders such as Huntington's disease [12] , progressive supranuclear palsy, and multiple sclerosis [13] , and herein mostly affected patients' executive functioning. As part of the limbic system, atrophy of the anterior part of the thalamus in AD has been described [35] . However, the size reduction of the thalamus in our study cannot be entirely explained by reduction of the anterior nuclei alone and suggests that other nuclei of the thalamus are also prone to atrophy in AD; the large medial-dorsal nucleus is an important candidate [16] . The findings of Braak et al. in 1991 support this idea, whereby extracellular amyloid deposits and neurofibrillary tangles occur in all limbic nuclei of the thalamus. However, the most severe involvement was found in the medial-dorsal nucleus [26] .
Direct measurement of subcortical structures in Parkinson's disease, another neurodegenerative disorder accompanied in advanced stages by dementia, also showed decreased volumes of the putamen and pallidum [36] . Impaired functioning of the basal nuclei has previously been related to cognitive dysfunction, since neurodegenerative extrapyramidal syndromes commonly show symptoms of cognitive dysfunction such as visuospatial deficits, depression, and anxiety in progressive stages of clinical dementia syndrome [37] .
The fact that no differences were found in examined subcortical structures between ApoE4 carriers and non-carriers, irrespective of disease state and within individual diagnostic groups, could suggest that ApoE4 has a modest effect on subcortical structures that shape analysis methods are not sensitive enough to detect. Further, studies have shown that both GM [38] and WM [39, 40] characteristics are highly heritable. Thus, other genetic factors may also influence our observations. In addition, our study may be limited by the unequal distribution of ApoE4 carriers and non-carriers in our sample population, thus making interpretation of ApoE4-related findings more complex.
Strengths of our study included our use of a high intensity 3T MRI scanner, which increases the sensitivity of data, and our comprehensive evaluation of the subjects in terms of clinical and genetic features, MRI, and automated volumetry and shape analysis. We also used stringent statistical significance levels.
Conclusions
Adding to current knowledge, our study shows that basal ganglia and limbic structures can be atrophied in AD, as well as subcortical structures. Furthermore, we show that these changes can be detected using advanced neuroimaging and shape-wise analysis. We also revealed that the clear reduction in size of all subcortical structures, except the amygdala, was more pronounced on the left side compared with the right side. De Jong et al. obtained similar results, along with cognitive decline [16] . A possible explanation for this may be that all subjects in our study were righthanded. It remains unclear as to whether shrinkage of the putamen and thalamus is a primary or a secondary phenomenon in the pathology of AD [16] . Further evaluation of the involvement of specific areas of the hippocampus and basal ganglion structures in AD is needed for validation and assessment of functional importance.
